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 in Florida has roused concern over




-rich areas of Mexico and the southwestern United States.
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 are mainly human food and fodder for livestock. Both cultivated and




 are currently used for these two purposes. By using bioclimatic




 and overlaid this on the ac-




 species. The resulting maps indicate that the possible routes of
invasion to Mexico are 1) along the northern border through Texas (most likely) and 2) via








products could be significant as well as being a threat to endemic species. Bioclimatic mod-
eling can help to predict the areas of highest probability of attack and facilitate planning to
mitigate future impacts.





El uso de agentes de control biológico y sus efectos sobre especies nativas ha generado polé-
mica. La invasión de la palomilla del nopal al continente norteamericano ha provocado pre-




 endémicas de México. En este trabajo hacemos énfasis en la importancia econó-


















. Los mapas resultantes permiten predecir la ruta de
invasión de la palomilla del nopal al territorio Mexicano. Los mapas de probabilidad gene-
rados por FloraMap sugieren dos posibles rutas de invasión, la primera con alta probabili-
dad vía la frontera norte del país en Texas y una ruta secundaria por el Sureste mexicano.
 




 y el potencial de los modelos bioclimáticos son discutidos.
 
The textbook example of successful biological








 species in Australia, has now become a
problem of major concern for continental North
America (e.g., Zimmerman et al. 2000). The conse-









rich regions of the southwestern U.S. and
Mexico, as well as the possible economic and so-
cial impact on Mexican urban and rural human
populations has only recently been addressed
(Zimmerman et al. 2000). The purpose of this pa-





 products in Mexico from an
economic and social status, and on the other it
proposes a means of modeling the routes of inva-
sion and assessing the areas of Mexico that could
































In present-day Mexico, there is a large array of




(Platyopuntia: Cactaceae). Historically the hunter-
gatherer communities that roamed the south-





 (mainly forage, fruit and
vegetables) in 9,000 BC. The process of domesti-





started as far in the past as 6000 BC (Smith
1967). By 3000 BC, hunter-gatherers settled into
small communities, where family owned plots




 that had been col-
lected from wild populations (Hoffmann 1995).




 was commonly used in
the growing cattle ranching industry of the Sono-
ran and Chihuahuan deserts which gave way to
 










 as fodder. Due to the





 products has increased dra-
matically. As family owned plots were not enough
to satisfy demand, plantations were developed
surrounding the most important urban areas.
There are three main consequences of the use of
products derived from the Cactaceae on a large
scale: 1) an increase in hybridization between
species that were brought in from wild popula-
tions to family owned plots, 2) a continuous use of
wild populations for forage as well as for vegeta-
bles, and 3) a decrease in morphological diversity
within plots (Casas et al. 1999) which could even-
tually lead to a decrease in genetic variation (Col-
unga-Garcia et al. 1999). However, despite the
important commercial aspect of cactus products,
the wild populations found around family-owned
plots are still used for subsistence in the dry re-
gions of Mexico and represent the transition be-
tween the wild and cultivated species, thus






 is one of the most used
plants in Mexico and Central America. Due to the
high protein and fiber contents found in cladodes,
and the amount of water in tissues (88-91%, Pi-




has been extremely wide, from food to cosmetics
and adhesives (Barbera 1995). In Mexico, tradi-




 vary widely although there
are two main products that account for the eco-





and fodder (Pimienta 1990; Barbera 1995). Fod-
der is mainly for cattle and goats in all parts of
Mexico. The use of cactus for forage has also been
documented in many other parts of the world in-
cluding the U.S., northern and southern Africa,
and several South American countries (Felker
1995). For example, in Brazil close to 300,000 ha





 can be consumed as vegetables (by
dicing young cladodes) or as fruit (cactus pears).
Production of fruits is found in 15 out of 32 Mexi-
can states employing close to 20,000 people,
whereas use as vegetables is found in 14 states
and employs close to 8,000 people. In addition,
most rural people use prickly pear products from
local wild populations or maintain family-owned
plots for self-consumption.




cultivated for all purposes (Flores-Valdez & Agu-
irre-Rivera 1979; SAGAR 1995-1998). The area
that is used for cultivation of fodder is close to
150,000 ha out of which 500 ha are being used in-
tensively in the state of Jalisco. Most of the area
under cultivation is used as forage for cattle farm-
ing. These areas are a remnant of areas that were
designed to improve carrying capacity of impover-
ished rural areas during the 1970s and 1980s and
were designed to introduce extensive cattle
ranching and prickly pear production (Barbera
1995). After the failure of such programs, most of
the areas that were cultivated were left behind





 populations are used exten-
sively for fodder and at least 12 species are known
to be used as forage (Table 1); this figure is prob-
ably conservative as most local wild populations
are also commonly being used.
Mexico has the highest variety of cultivated
species of prickly pear (8 species and over 11 va-
rieties, Flores-Valdez & Gallegos 1993) and is an






close to 1.5% of total agricultural production and
represent 2.5% of the value of agricultural prod-
ucts (SAGAR 1995-1998, Fig. 1). The production
of both cactus pears and cladodes used as vegeta-
bles have increased over the past eight years (Fig.
2). This increase has occurred primarily because
of better management practices (Pimienta 1990);
total area under production has not increased to





 products over the period 1990-1998 is
approximately $50 million U.S. per year, with
vegetable usage constituting more than half of
the value ($27 million), followed by cactus pears
($20 million), and finally fodder ($1 million). In





is valued at $50 million per year. Exports are
mainly to the U.S., Canada, Europe, and Japan.
In addition to their value to humans, opuntias
are common and often dominant components of
natural floras, where they have substantial envi-
ronmental importance. Species of the Cactaceae




 are a major eco-
logical component of the floras of the Chihuahuan
and Sonoran Deserts (nopaleras). They are a major
contributor to soil stability. They constitute an im-

































 Say) (Mandujano et al.
1997; Montiel & Montaña 2000). They also provide
nesting sites and food for a variety of insects, birds,
rodents, and lagomorphs (Gonzalez-Espinosa &
Quintana-Asensio 1986; Russell & Felker 1987).





 and populations cover an area of close





 species varies in the litera-
ture, partially because of frequent hybridization
between species and the lack of a standardized
classification scheme. Bravo-Hollis (1978) recog-




 in Mexico, 56 of





pears), 38 of which are endemic.






























































































































































-HOLLIS AND SANCHEZ-MEJORADA 1991.






















































Total 12 8 6
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ern Mexico (Pemberton 1995), we have no direct
evidence that it has invaded Mexico to date. How-
ever, its movement through the southeastern
United States into Mexico is likely.
In order to assess potential impact of C. cac-
torum in Mexico, the second part of this paper
presents results of models of possible invasion
routes and ultimate distribution.
MODELING INVASION AND DISTRIBUTION
OF C. CACTORUM IN MEXICO
METHODS
In order to assess the potential invasion and
impact of C. cactorum on Mexican species of Opun-
tia we used bioclimatic modeling (FloraMap ver.
1.0, Jones & Gladkov 1999) to predict the distribu-
tion of C. cactorum as well as model the distribu-
tion of Opuntia species. FloraMap relies on 36
climatic variables and a principal component
analysis for prediction. We used the Smithsonian
collection to obtain localities of specimens of
C. cactorum. The distribution of Opuntia species
was modeled with GARP (Genetic Algorithm for
Rule set Prediction; Stockwell & Noble 1991,
Stockwell & Peters 1999; http://biodi.sdsc.edu)
that contains databases for North America only.
In these models the ecological requirements of a
species are key to the inferential portion of the
method. The data points used for bioclimatic mod-
eling of Opuntia species were taken from herbaria
collections (MEXU, ENCB, SD, XAL) as well from
the databases collected by CONABIO (http:/
www.conabio.gob.mx). Species of Opuntia with
less than three data points were eliminated from
further analyses to avoid sampling bias. Distribu-
tion maps generated by GARP were constrained to
ecological regions were Opuntia species have been
recorded, excluding those areas that were pre-
dicted by GARP but lacked the presence of Opun-
tia data points (commission error; Peterson and
Cohoon 1999). Overlaying all the predicted maps
for Opuntia we obtained a map of density of spe-
cies of Opuntia. We predicted the potential risk to
all species of Opuntia that are found in Mexico by
overlapping the richness-of-Opuntia maps with
the predicted distribution of C. cactorum.
RESULTS
Of the 52 species of Opuntia evaluated in this
study, 15% (8 species) are known to be attacked by
C. cactorum and an additional 27% (14 species)
are taxonomically related to these 8 species (Ta-
ble 1). At least four species of economic impor-
tance (O. ficus-indica (L.) Miller, O. lindheimeri
Engelmann, O. streptacantha Lemaire and
O. stricta Haworth) are known to be attacked by
C. cactorum (Table 1).
The potential distribution of C. cactorum in-
cludes large parts of the southern and southwest-
ern United States. Since C. cactorum is already
Fig. 1. Percentages of total Mexican agricultural pro-
duction (closed dots) and value (open dots) of Opuntia
products occupied by Opuntia species between 1990 and
1998.
Fig. 2. Production (×10,000 metric tons) and area
(×100 ha) under cultivation in Mexico of (A) Opuntia
fruits (cactus pears) and (B) Opuntia cladodes (used as
vegetables).
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present and established in Florida, it will proba-
bly be just a matter of time for it to get to the Mex-
ican border. In Mexico, the highest suitability
areas are found in the east and northeast, with
other areas of high probability in the southeast
and along the coastal regions. The predicted dis-
tribution of C. cactorum suggests a higher proba-
bility of invasion through the northern border
region than along the southeast as has been pre-
viously suggested.
The species having the highest risk (those
known to be attacked by C. cactorum; Table 1) are
located in the eastern border regions of Mexico,
and are highly concentrated in central Mexico
(Fig. 3). Even though there are species of Opuntia
(O. stricta and O. lindheimeri) that overlap with
the potential distribution of C. cactorum, most of
the susceptible species of Opuntia are concen-
trated in central Mexico, where the bioclimatic
analysis predicts a lower impact of the moth.
About 20% of the predicted distribution range
of species known to be attacked by C. cactorum
overlaps with adequate habitat for the insect
(Table 2). If we consider all species of Opuntia
evaluated in the analysis, the values of overlap
increase to close to 50% (Table 2). The areas in the
western part of Mexico show some overlap with
potential C. cactorum distributions, with only a
small portion of Opuntia species richness overlap-
ping with the predicted distribution of the insect
(Fig. 3).
Little is known of the potential for C. cactorum
to utilize Opuntia species not studied, or of its po-
tential to adapt to or survive in various climates.
Therefore, the overlap and impact could possibly
be greater than predicted.
DISCUSSION
Mexico and the southwestern United States
have a long tradition of use and consumption of
Opuntia species as well as having the highest di-
versity of Opuntia species (Bravo-Hollis &
Sánchez-Mejorada 1991) and in Mexico a signifi-
cant portion of the local and national agricultural
economy depends on Opuntia resources. Unfortu-
nately, our results suggest that there is a high
risk of C. cactorum spreading into Mexico from
the United States. The establishment of the moth
in Mexico is very likely given the large areas of
similarity of environmental conditions with those
found in its native habitat. The main routes of in-
vasion are concentrated in the northeastern por-
tions of Mexico suggesting a possible invasion
through the desert regions of Texas, where spe-
cies known to be attacked by the cactus moth are
present (O. lindheimeri and O. stricta) and cli-
matic similarity with areas of C. cactorum are
also found.
The distribution patterns of Opuntia species
and those predicted for C. cactorum show an area
of overlap, mainly associated with Opuntia spe-
cies that are susceptible to attack. Although little
is known of the potential of C. cactorum to adapt
to diverse environments, we can assume it to be
high, as the moth has been successfully intro-
duced into many areas of the world (Hawaii, the
Caribbean region, South Africa and Australia)
suggesting that the potential overlap between the
insect and native opuntias can increase dramati-
cally. Clearly, diet selection experiments are
needed to assess the potential impact of C. cac-
torum on all Opuntia species that have not had
contact with the moth in order to determine the
full potential damage.
The predictions suggest northeastern Mexico
as a primary route of invasion, followed by the
southeastern areas of Mexico. Efforts towards
early detection and containment of the invasion of
C. cactorum have to concentrate on those two ar-
eas of Mexico with special emphasis on areas bor-
dering the species-rich areas of central Mexico.
The economic impact that will result from an in-
vasion of the cactus moth cannot be determined
TABLE 2. PERCENTAGE OF LAND AREA WITH OPUNTIA SPECIES IN MEXICO AND POTENTIALLY COLONIZED BY CACTO-
BLASTIS CACTORUM. COVERAGES WERE DEVELOPED FROM BIOCLIMATIC MODELING WITH GARP AND
FLORAMAP.
Overlap Parameter
Percent of Mexican Territory
Species known to be attacked
by C. cactorum
Total number of Opuntia spp.
found in Mexico
Suitable for C. cactorum, but with no species
of Opuntia.
32.51 9.85
Suitable for C. cactorum and with at least one 
species of Opuntia.
23.75 49.11
Unsuitable for C. cactorum and with at least one 
species of Opuntia.
12.79 35.99
Unsuitable for C. cactorum and with no species 
of Opuntia.
28.25 5.05
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Fig. 3. Overlay of GARP Opuntia species distribution predictions (blue) and FloraMap predicted distribution of
C. cactorum habitat (red). Top: species of Opuntia known to be attacked by C. cactorum. Bottom: all species of Opun-
tia used in the analysis.
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yet, however, given the economic and social im-
portance of Opuntia in Mexico we can expect the
damage to be significant. Bioclimatic modeling is
a valuable tool to predict areas where invasion is
likely and can help to provide background infor-
mation to plan future actions towards mitigating
the impact an invasive species such as C. cac-
torum can have on local populations of Opuntia.
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